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This article iuvestigates the active optical control of segments in the primary 
mirror to correct for wavefront errors in the Deep-Space Optical Receiver Antenna 
(DSORA). Altliough ail exact assessment of i~nprovernen t in signal blur radius can- 
not be niade until a more detailed preliminary structural desigii is completed, ana- 
lytical tools are ideiililiecl for a time when such designs become available. A brief 
survey of appropriate sensing approaches is given. Siiice tlie choice of  control al- 
gorithm and architecture depends on tlie particular sensing system used, typical 
control sj.stenis, estimated coinple.uities, and the tjrpe of equipment required are 
discussed. Oiice specific sensor and actuator systems are chosen, the overall control 
system can be optimized using rnetltods identified in the literature. 

I .  Introduction 
Laser communication froin deep-space probes to  Earth 

requires a receiver telescope elficient a t  inasiiiiizing tlie 
signal energy incident on a pliotodetector and iitininiizing 
st'ray background light so that  the system can acltieve the  
highest da ta  rates [l]. Although a receiving telescope does 
not require high-resolution imaging optics for coniniunica- 
t.ioii, blurriiig of Ihc signal spot i t i  t.lic focal plane forccs 
the pupil in  tlie telescope to expand so that suficieiit sig- 
nal strengtli can lie detected. The  illcreased pupil size 

TI& work was pciforined undcr a NhSA SLinuiier Faacully Fellow- 
ship at lhe Jet Pi.opulsioir Laborstui.y, C'ornninrucations Systenis 
Rcseardi Seclion, Optical Conuir~iiiic:ii~ior~s GIor~li. Tlic JPL  COII- 

tact for airtlior conespoliclcnce is James Lesli. 

also permits a higher flux of stray light due to blue-sky 
scattering and astronomical background sources. Blurring 
of the signal spot can be caused by mirror-surface rougli- 
ness, panel misalignment, mirror-figure error due to gravi- 
tational sag, wind load and thermal expansion, mechanical 
vibrations in the mirror and support structure, or atino- 
spheric perturbatioiis. 

The  remainder of Illis article briefly surveys some causes 
of blurring. Recoinmended correction techniques are given 
in Section 11. Apl)licable sensing approaches are reviewed 
in  Section 111, follotved by a discussion of control ap- 
proaches i n  Section Ii ' .  Concluding remarks are given in 
Section V.  
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II. Causes of Blurring 
One of the causes of focal-plane blur is the roughness of 

the telescope’s primary mirror segments. This is one of tlie 
static contributions of the overall blur radius. Although 
roughness is largely avoidable by using high-quality opti- 
cal surfaces, large-area mirrors with X / l O - r m s  roughness 
are extremely difficult to build and, therefore, are very 
expensive. A compromise solution is a mirror of medium 
roughness, in  the X/2-2X range. Since distortion of wave- 
fronts by mirror-surface roughness docs not change, active 
optical correction is not required. h stalic correction c a n  
be made with a phase-compensating filter in a pupil plane 
corresponding to a demagnified image of the primary m i r -  
ror aperture once the wavefront error due to surface rough- 
ness has been determined. 

Blurring due to nieclianical vilirations in the support 
structure or mirror surface can be inininiized wit,li im- 
proved structural design and active optics comp~nsnt ion .  
Since bandwidtlis of mrclianical disturbanccs are often i n  
tlie kilohertz range, active optics inrist have fairly high 
bandwidth control and sensing systems to compensate for 
these disturbances. A recent task management report on 
Precision Segmented Reflectors (PSR)2 sliowed that figure 
errors due to meclianical disturbances on tlie hIoderately 
Focused RIission were predicted to bc less t.Itan 1 pni rills 
i n  an uncompensated reflector. Active optical compensa- 
tion was  recommended for reduction of tlie rms error below 
this value. Becaiise of tlie hig11 1)andwidtli requirements 
for act,ive correction of vibrational wiivc.front errors, pas- 
sive struct,ural isolat,ion and damping are probably more 
appropriate than active compensation for a receiver tcle- 
scope, since Iiigli-quality imaging is unnecessary. 

t mosplieric distortions also tend t o  have hanclwitltlis 
i n  tlte kilohertz range. ‘I’lrese can oiily lie correckd by ac- 
tive opt,ical coinpensation. I t  has lieen sliown tha t  the use 
of an act.ivcly controlled segnicuted n i i r r o r  c a n  give rriuclt 
improved seeing in t,lie presence of atinosplieric clistor- 
tions [2,3,4]. IIowever, tlw expense of a Iiigli-baiidwidth- 
control mecliaiiism probably rcii d t-rs a t  inos plirric cor rec- 
tion inappropriate for a receiver tclescope. T n  addition t,o 
the expense of impleineiitat,ion, t lie i nil’rovement provided 
by  the  correction of atinosplieric dibtortions \vouId proba- 
bly be limited by the rougliness of tlie pritiii\ry iiiirror. 

Figure distortioiis tend  to liave \-PI.! low l~and\vidt l i .  
These dist,ortions arc. caused I,- t I i c r ina l  expansion 

effects and force loading, such as gravity and wind. Since 
these are often subhertz bandwidth disturbances, a low- 
frequency active-optics-compensation system is feasible if 
sensing and control of mirror segments can be done at  
reasonable expense. The  amount of wavefront distor- 
tion due to thermal expansion and force loading depends 
largely on tlie particular structural design and materials; 
therefore, the benefit of quasi-static active segment con- 
trol cannot be predicted until a well-defined preliminary 
design is available. Once such a design exists, software 
analysis can determine both thermal effects [5] and force- 
loading erec ts  [GI. Estimates of blurring for corrected and 
uncorrected systems can be compared a t  that  time. 

111. Sensing Approaches 
There are several approaches for sensing wavefront er- 

rors due to atmospheric fluctuations and figure distor- 
tions [ 2 , ~ ] . ~  Some approaches use the front surface of 
the primary mirror and others use the back side. Front- 
surface-sensing (FSS) systems have the advantage of using 
light that  actually passes through the optics of the tele- 
scope rather than relying on correct figure modeling from 
measured backside positions of the segments. In addi- 
tion, unlike back-side-sensing syst.ems, some FSS systems 
r a n  sense at,mospheric errors. The  FSS systems that use 
interferometric techniques are probahly inappropriate for 
the DSORA system because of the large amount of surface 
roughness allowed for the  primary mirror of this system. 
Incoherent FSS systems usually image calibrated stars to 
sense wavefront distortions and, therefore, require inter- 
ruption of signal reception during sensing. Back-surface- 
sensing (BSS) systems can be operated concurrently with 
signal reception. A comparison of front- and back-surface- 
sensing approaches has been made.4 

The l3SS syst,eni5 senses the edges between niirror seg- 
ments Iiy using interferonietry, as shown i n  Fig. 1. Two 
interference sensors are located on each side of the bouiicl- 
aries lietween mirror segments. Local tilt of each segment 
is measured by  the coniparison of tlie adjacent sensor sig- 
nals  at  a given edge. Piston position is  calculat,ed by a 
global assessment of t,he local tilt da ta .  The  system re- 
quires a stalile reference plane a t  each detected edge lo- 
cation and considerahle soflitrare to  match the local edge 
oKsct and tilt nieasiireinent~s to get a global figure esti- 
mate.  Tlie USS syst,em lias the advant,age of operating 

129 



without disrupting the signal flow to the pliotodetector, 
so tha t  continuous correction is possihle. 

Two FSS approaches use incolierent light from cali- 
brated stars as references. One approach is the IIartniann 
technique [a], in which the aperture of the telescope is 
subdivided and each subaperture is displaced arid irnaged, 
as shown in Fig. 2. The  overall wavefront shape is esti- 
niatcd by a computerized model that  joins together the 
tilts measured i n  each subaperture. The  location of tlie 
center of each subimage in the system describes the direc- 
tion and magnitude of the tilt for the subaperture. This 
system can be costly, because an array of deflecting optics 
is required as well as a detector array for each subaperture 
imaging point. Furthermore, it is unlil<ely that tlie sensing 
subapertures could be divided in the hexagonal pattern of 
tlie primary mirror segments unless a segmented prism is 
used. Since the detection is performed in the  image plane, 
perliaps a n  electronieclianically deployed optics shelf con- 
taining the  Hartmann deflection optics could he  used. This 
sensing requires a calibrated object, so a table of known 
stars and their characteristics must be maintained. 

Roddier proposes a system that measures the irradi- 
ance a t  pupil planes equispaced i n  front of and behind tlie 
image plane, as shown in Fig. 3 [7].  Tliis syst.em is de- 
signed for use with a (continuous) deformable membrane 
mirror, and although Downie and Goodman suggest that  
the system is insensitive for segmented inirrors [IO], an 
averaging algoritlim could be developed to optimize the 
tilt and piston correction of each segment. Software would 
have to detect the output of the sensor system in regions 
corresponding to mirror segments and calculate the piston 
and tilt adjustment for each segment. This process dif- 
fers significantly from the nearly direct control proposed 
by Roddier for the membrane mirror and eliminates much 
of the elegance of tha t  sensing system’s excellent compat- 
ibility with the  control variables. 

Further complications may develop as a result of the 
boundaries between the mirror segments in Roddier’s sys- 
tem because it was designed for a continuous mirror sur- 
face. The  gaps between segments may invalidate the geo- 
metric approximations for a segmented mirror used in [7]. 
If the detector pixel size is significantly larger than the 
deinagnified gap width, this problem should be negligible. 
An additional problem could arise from the  corrections 
from one segment blurring into the region for the next 
segment, since much of the wavefront-error sensing occurs 
a t  the pupil edges in Roddier’s esainples. If the entire 
primary can be treated as a single pupil rather than dis- 
crete segments, this problem should be negligible, and is 
another justification for estahlisliing sensing pupil planes 

where the detector pixel dimensions are large, as compared 
with the demagnified spacing between mirror segments. If 
the entire primary is treated together, art identical tilt er- 
ror in two segments might become invisible t o  the Roddier 
sensing system a t  positions representing the boundary he- 
tween the two segments, bu t  the  tilt error will still be 
recognized a s  such for the larger double-segment portion 
of the primary around the perimeter of the two. 

The  Roddier approach can have a very simple hard- 
ware implementation, using a single charge-coupled device 
(CCD) detector array on a calibrated translation stage and 
a sliding planar mirror to deflect the incident light to tlie 
sensing optics when required. Alternatively, a beam split- 
ter and two CCD arrays can be used in the sensing system 
instead of the  calibrated translation stage. The  sliding 
mirror would remain in a stowed position during signal re- 
ception. This approach also assumes a calibrated object, 
which requires a table of stars. 

IV. Control Approaches 
There are several published methods for control of the 

actuators realigning tlie segments of the primary mirror 
for figure correction. These approaches tend to use state- 
space representations and differ primarily in the manner 
that the sensed information is manipulated to  observe the 
state variables and subsequently change them with feed- 
back to minimize rms Mavefront error. Therefore, the itn- 
plenientation of a control algorithm depends largely on tlie 
sensing approach taken. Often the high-frequency errors, 
such as mechanic~al vibrations and atmospheric distortions, 
are corrected by local control loops, while the quasi-static 
figure errors due to thermal distortion and force loading 
are controlled by global loops. 

Iwens, Benhabib, and l i a jo r  present a system tha t  uses 
several sensing systems to control line-of-sight and wave- 
front errors [SI. The  actuators for this system are an ar- 
ray of stacked piezoelectric crystals. A digital computing 
system is used for handling the control. The  system is in- 
tended primarily to compensate for vibration errors in a 
spaceborne system; Iiowever, a low-pass filtering of wave- 
front sensing signals could be used for quasi-static correc- 
tion only, assuming tha t  t he  high-frequency vibration error 
has zero mean. 

The  PSR control system, shown in Fig. 4 ,  uses a hybrid 
approach of high-bandwidth local vibrational correction 
and quasi-static global figure control [9]. Edge sensing is 
used to nieasure relative displacement between adjacent 
panels t o  detect quasi-static figure errors. High-frequency 
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vibrations are detected by acceleroniet~ers on the back side 
of tlie inirror segments. A triangular orientation of piston 
actuators is used to control piston and tilt in each panel. 

Downie and Goodnian present a nietliod of designing an 
optimized control system for a segmented mirror tha t  cor- 
rects both atmospheric and quasi-static figure errors [lo]. 
The  design takes into account the sensitivity of wavefront 
correction to the motion of each actuator. Assuming a 
zero-mean distortion due to atmospheric fluctuations, this 
design approach could be used to optimize control of only 
quasi-static errors. 

V. Conclusion 
A preliminary investigation of active mirror-segment 

control for a deep-space optical rtc,eiver klescope has been 
presented. Since this telescope requires only limited imag- 
ing capability, the primary purpose of active optics is the 
optimum concentration of signal light power inside a de- 
tector radius. Since diffraction-limited resolution is not 
required, there is less justification of expensive compo- 
nents, such as high-quality primary inirror surfaces. IIigh- 
bandwidth compensation for wavefrolit distortion due to  
atmospheric fluctuation and structure vibration is also less 
justifiable. Low-bandwidth conipviisatioii for thermal es- 

pansion and force-load figure distortion is economically 
feasible, providing tha t  sensing of wavefront errors for 
these distortions can be performed easily. 

Three methods have been presented for sensing wave- 
front errors due to quasi-static distortions. Of these, the 
Roddier system is probably the least expensive to  imple- 
ment in hardware, but this system was designed to oper- 
ate with a continuous-membrane mirror. Adaptation fot a 
segrncnted mirror system is unlikely to  be straightformard. 
The  Hartmann method is probably intermediate in hard- 
ware espense, with the principal costs due to tlie deflec- 
tion optics used to subdivide the  primary-mirror aperture 
and a segmented CCD array sensor with enough resolution 
in each of the G O  subaperture-sensing regions. The PSR 
edge-sensing system is probably the most expensive, but 
possibly the easiest to manufacture because it is already in 
development for a similar large segmented-mirror system 
and much of the design has already been completed. 

The  control algorithm chosen must be compatible w i t h  
the sensing and actuator system used, and therefore can- 
not be planned until a sensing approach has been chosen. 
Two example control systems and a method for optimiza- 
tion of tlie control system, once sensor and actuator pa- 
rameters are known, have been identified in t.he 1it.erature. 
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Fig. 2. The Hartrnann wavefront sensing technlque. 
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Fig. 3. The Roddier wavefront sensing technique. 
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Fig. 4. The Precision Segmented Reflector control system. 
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